Relatedness between isolates of Streptococcus pneumoniae can be determined from sequences of multiple genes belonging to the core genome (multilocus sequence typing [MLST]), but these do not provide information on gene content that may affect the potential of isolates to cause invasive pneumococcal disease. Gene content data, obtained using microarrays, were gathered for 40 clinical isolates of 12 serotypes belonging to 30 multilocus sequence types. We found that sequence variations in housekeeping genes assessed by MLST correlated well with whole-genome microarray analyses identifying the presence/absence of accessory genes/ regions. However, isolates belonging to the same clonal complex, as determined by MLST, may not have identical gene contents, potentially affecting virulence. We found fewer intraclonal (same MLST sequence type) differences associated with pneumococcal serotypes of high invasive disease potential, i.e., serotypes rarely found among carriers compared to serotypes frequently found in carriage. Molecular typing of pneumococci based on the presence/absence of 25 genes localized to accessory regions shows the same relatedness among pneumococcal strains as MLST does. We conclude that molecular typing of pneumococci based on variation in the nucleotide sequences of parts of housekeeping genes (MLST) correlates with the presence/absence of genes in the accessory part of the genome. This covariation is likely due to the fact that both sequence variations and gene content variations are created primarily by recombination events in pneumococci.
Relatedness between isolates of Streptococcus pneumoniae can be determined from sequences of multiple genes belonging to the core genome (multilocus sequence typing [MLST]), but these do not provide information on gene content that may affect the potential of isolates to cause invasive pneumococcal disease. Gene content data, obtained using microarrays, were gathered for 40 clinical isolates of 12 serotypes belonging to 30 multilocus sequence types. We found that sequence variations in housekeeping genes assessed by MLST correlated well with whole-genome microarray analyses identifying the presence/absence of accessory genes/ regions. However, isolates belonging to the same clonal complex, as determined by MLST, may not have identical gene contents, potentially affecting virulence. We found fewer intraclonal (same MLST sequence type) differences associated with pneumococcal serotypes of high invasive disease potential, i.e., serotypes rarely found among carriers compared to serotypes frequently found in carriage. Molecular typing of pneumococci based on the presence/absence of 25 genes localized to accessory regions shows the same relatedness among pneumococcal strains as MLST does. We conclude that molecular typing of pneumococci based on variation in the nucleotide sequences of parts of housekeeping genes (MLST) correlates with the presence/absence of genes in the accessory part of the genome. This covariation is likely due to the fact that both sequence variations and gene content variations are created primarily by recombination events in pneumococci.
Streptococcus pneumoniae is a devastating pathogen, killing 1 to 2 million people annually. It is also a common colonizer of the respiratory tract, and up to 60 to 70% of healthy children may harbor this organism in the nasopharynx (7) . To assess the capability of pneumococci to cause disease and to study their spread, several studies have been conducted to compare invasive disease and carrier isolates, thereby estimating the abundances of the two groups (1, 2, 9) . It has been suggested that disease potential is associated not only with serotype but also with clonal type, as determined with molecular methods such as multilocus sequence typing (MLST), comparing sequences of seven housekeeping genes belonging to the core genome and present in all isolates (9) . At least 30% of the pneumococcal gene content is variable between strains (unpublished data). Most of these genes are present in regions that can be present or absent when different isolates are analyzed. These accessory regions may encode putative virulence proteins, such as adhesins, whereas others appear to contribute to the metabolism of pneumococci. It is not known how the extent of genetic similarity in individual isolates, as defined by MLST, relates to the extent of similarity in gene content. To study these issues, we performed microarray analyses of 40 pneumococcal isolates belonging to 12 different serotypes and 30 multilocus sequence types (STs).
MATERIALS AND METHODS
Pneumococcal isolates studied. Forty pneumococcal isolates of 12 different serotypes were used in this study. The following serotypes were included: 1 (n ϭ 4), 3 (n ϭ 3), 4 (n ϭ 3), 6B (n ϭ 3), 7F (n ϭ 3), 9V (n ϭ 5), 11A (n ϭ 1), 14 (n ϭ 8), 15B (n ϭ 1), 19F (n ϭ 6), 23F (n ϭ 2), and 35B (n ϭ 1). The laboratory strains R6 and TIGR4 were also used. The isolates belonged to 30 different STs, as assessed using MLST. The isolates were named according to their ST and serotype and were marked numerically when more than one isolate was present within one serotype and ST (Fig. 1 ).
An eBURST analysis of all isolates in the MLST database was performed using the default values of seven loci per isolate and six as the minimal number of identical loci for group definition (4). We named eBURST groups by their predicted founders as of April 2007. Six different eBURST groups were represented by more than one isolate included in the study. These were the ST306 clonal complex (ST306 and ST228 of serotype 1), the ST124 clonal complex (ST124 and ST307 of serotype 14), the ST191 clonal complex (ST191 and ST1838 of serotype 7F), the ST176 clonal complex (ST176 and ST138 of serotype 6B), the ST180 clonal complex (ST180 and ST1826 of serotype 3), and the ST162 clonal complex (ST162, ST156, and ST838, of serotypes 9V, 14, and 19F).
Serotyping. All pneumococcal isolates were serotyped at the Swedish Institute for Infectious Disease Control by gel diffusion as described previously (7) .
MLST. The MLST method was adapted from the procedure described by Enright and Spratt (3) and was performed as previously described (12) .
Microarray analysis. Comparative genomic hybridizations were carried out using a reference design as previously described (11 (11) , and the arrays were scanned using Genepix Pro 6.0 software (Axon Instruments). The log 2 fluorescence ratios were normalized to the median by using the R Project for Statistical Computing (http://www.r-project.org/). For statistical analysis, we used a Bayesian linear model (13) and the Holm multiple testing correction to adjust individual P values. This method was used to compare the isolates to the two reference strains as well as to each other in a pairwise manner. Genes were considered absent if they had a P value of Ͻ0.01 with an M value of ϽϪ1. Clustering was based on the filtered normalized values of all oligonucleotides obtained from the microarray experiments and was done with an uncentered correlation and average linkage, using Gene Cluster v 2.11. The visualization of clustering was done using Treeview v 1.60. The statistical analysis of the microarray data was performed under rather stringent conditions, meaning that there was a greater likelihood for categorizing a gene as present when it was in fact absent than the opposite. Also, some genes that appeared to be absent may still have been present, but with many differences in sequence over the oligonucleotide being used to define the gene. All isolates were compared to all others with regard to the number of genes differing between the isolates, with a total of 780 comparisons. The comparisons were divided into four groups based on the same or different clonal complexes and the same or different serotypes. We used the Welch two-sample t test to test differences between the groups. Based on the results from the microarray analysis, 25 genes situated in accessory regions were selected to form a present/absent matrix. Additionally, some of these data were confirmed using PCR (data not shown).
Microarray data accession number. Microarray data have been submitted to Array Express under accession number E-TABM-320.
RESULTS
STs determined with MLST correlate well with whole-genome microarray analysis. Clustering of microarray data from the 40 pneumococcal isolates showed that isolates belonging to the same clonal complex, as determined by the eBURST analysis, grouped together, suggesting that they were closely related. In contrast, isolates not belonging to the same eBURST group did not cluster together and were less genetically related ( Fig. 1) (http://www.mlst.net). Isolates of the same serotype but belonging to different clonal complexes were, on the other hand, not more similar to each other than to isolates of unrelated STs and of different serotypes. For some serotypes, i.e., 6B, 7F, and 14, isolates of the same ST were genetically more correlated with a single-locus variant than with other isolates of the same ST. This finding can be explained by solitary recombination events. In other cases, such as for the type 1 isolates of ST306 or ST228 or the ST156 isolates, isolates of the same ST were more genetically related to each other than to isolates belonging to single-locus variants or double-locus variants of that ST.
ST is a good predictor of genetic content, in contrast to serotype. All isolates were compared to all other isolates in a pairwise manner in order to obtain an approximate number of genes that differed between any two isolates ( Table 1) . Significance was set to P values of Ͻ0.01. Genes coding for type 2 MLST is an expensive and time-consuming method in which parts of seven housekeeping genes are sequenced. To investigate whether the absence/presence of genes in the accessory part of the genome could function as a predictor of relatedness, we chose a set of 25 genes from our microarray analysis (Table 2) . These genes were all present in different accessory regions consisting of three or more genes that were present or absent in the isolates and were evenly scattered around the genome (unpublished data). Three of the genes chosen were absent in TIGR4, 9 were absent in R6, and the remaining 13 were present in both TIGR4 and R6. Their presence varied among the 40 clinical isolates studied. The genes were tested using a BLASTn approach of the refseq genomic database at the NCBI website (www.ncbi.nlm.nih.gov) to ensure that there were no other similar genes within the sequenced pneumococcal genomes. SP_0505 showed a high similarity to SP_0507, another gene located within the same accessory region. All 24 other genes had no significant similarity to other pneumococcal genes. In Table 3 , the presence/absence of the 25 genes among the 40 clinical isolates is indicated, and the total pattern is described by assignment of a profile number. We found a strong correlation between these profiles and the MLST data at the level of clonal complexes. Thus, profiles of isolates belonging to the same clonal complex did not differ in more than 2 of the 25 genes. Isolates that belonged to different clonal complexes based on MLST differed in at least 4 of the 25 genes.
Serotypes with high invasive disease potential, i.e., those rarely causing carriage, show few intraclonal differences. Next, we studied intraclonal differences among the six clonal complexes representing more than one isolate in this study. We found no genetic differences between the isolates within ST306 and ST191, of the highly invasive (1, 2, 9) serotypes 1 and 7F, respectively (Table 1 ). However, approximately 40 genes differed between ST306 isolates and the double-locus variant isolate ST228
Ϫ1 . All isolates belonging to the ST124 clonal complex were genetically highly related. However, ST124 Ϫ14 -1 was more genetically related to ST307 Ϫ14 than to ST124 Ϫ14 -2. Four to 44 genes differed between the isolates belonging to the ST176 clonal complex, and within the ST180 clonal complex, 4 genes differed between the two type 3 isolates. These genes were not present in any accessory region and were scattered around the genome. One to 17 genes differed between the six ST156 isolates, compared to 10 to 53 genes between isolates of different STs within the ST162 clonal complex.
The number of base pairs that differed in the seven alleles responsible for the difference between STs was more than one in most cases, suggesting recombinational events as the main mechanism creating allelic diversity (Table 1) . Recombination events are most likely also the cause of differences in gene content among different pneumococcal isolates. Our microarray data suggest that different isolates of clones that cause mainly invasive disease and are rarely found among carriers, i.e., ST306 and ST191, of types 1 and 7F, respectively, are more genetically related than isolates belonging to clones common among carriers, such as the ST176 clonal complex, suggesting that fewer recombination events are associated with the former group of isolates not found in carriage and hence less exposed to cocolonization opportunities.
DISCUSSION
In this study, we compared the genetic contents of 40 clinical pneumococcal isolates of different serotypes and STs and related the data obtained to clonal complexes determined by MLST. Few microarray studies of these organisms have been performed previously and have usually included a limited number of serotypes and clones (6, 10) . Hence, to our knowledge, this is the first study including a wide variety of serotypes and clones with different invasive disease potentials. Here we show both inter-and intraclonal differences affecting the interpretation of MLST analysis. We could firmly conclude that sequence differences within housekeeping genes, not serotype, may predict the extent of gene content differences in pneumococcal isolates.
We found that the microarray data obtained correlated well with the eBURST groups identified using MLST. However, serotype did not predict genetic relatedness unless the isolates belonged to the same clonal complex. This is in agreement with previous studies (3) investigating MLST and serotype diversity and is important knowledge, especially since the most used method to study epidemiology is serotyping. Also, the available vaccines today target the capsular polysaccharide, and there are several discussions ongoing regarding the threat of immune escape through serotype switching, meaning that clones identified using molecular techniques such as MLST may emerge with nonvaccine capsular types.
We also observed gene content differences within clones, which is in agreement with a previous study by Silva et al. (10) . In that study, a limited number of serotypes, mainly type 14, were characterized using microarray analysis, and intraclonal variations (the same ST and serotype) were found to affect outcomes in animal models. Interestingly, we found that intraclonal differences were more rare among serotypes and clones commonly causing invasive disease and rarely causing carriage (types 1 and 7F) than among clones common among carriers (types 6B and 9V) (1, 2, 9) . However, the type 1 isolates used in this study were from Sweden, and infections with these clones have not led to fatal outcomes (12) . In contrast, a different clonal complex of ST217 dominated invasive serotype 1-mediated disease in sub-Saharan Africa, leading to high lethality (14) . Hence, we included a Swedish serotype 1 isolate of ST217 in the study. In comparing isolates of ST306 and ST217, we found that as many as 166 to 173 genes differed, in contrast to no differences between the two ST306 isolates. Thus, unrelated clones of serotype 1 were not more genetically similar to one another than to isolates of carrier serotypes of unrelated STs. This was also true for other serotypes investigated in this study.
Our microarray data show that the pattern of presence/ absence of accessory genes representing at least 30% of the pneumococcal genome (corresponding to around 600 genes) (unpublished data) predicts strain relatedness in the same way that sequencing of parts of housekeeping genes of the core genome does. It has been estimated that approximately 90% of the allelic variations seen in the seven housekeeping genes used for MLST of pneumococci can be attributed to homologous recombination (5) . Most likely, the absence/presence of accessory genes and regions is also due to horizontal gene transfer events and recombination. It is therefore not surprising that both MLST and gene content patterns obtained from microarrays predict the same relatedness among strains. In comparing the presence or absence of a subset of 25 genes belonging to accessory regions distributed around the genome among the 40 isolates, we still found a strong positive correlation with the MLST data. Therefore, a multiplex PCR of a subset of accessory genes might provide a cheaper and simpler way of identifying genetic relatedness among pneumococcal isolates. With increasing knowledge of the actual roles played by different accessory genes/regions, this typing method may also yield additional information on disease potential and transmissibility (11) . However, further studies using an even larger collection of isolates and extended microarrays including additional pneumococcal accessory genes (8) are needed to fully evaluate this novel approach of studying relatedness among pneumococci.
